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of Facu
osting by EAbstract Shallow footings are subjected to lateral forces induced by earthquake movements, wind
loads, water wave pressure, lateral earth pressure, and transmitting power cables. In some structures
such as water front structure, earth retaining structure and transmitting power structures, the lateral
forces acting on the footings may be dominant. There has been little work studying the performance
of skirted footings subjected to lateral loads. Twelve loading tests were performed on small scale
circular skirted footing to shed some light on the performance of skirted footings when subjected
to lateral loads. The effects of skirt length and the relative density of sand on the performance of
the footing were investigated through laboratory testing program. Also a comparative experimental
study between ultimate horizontal loads attained by skirted and unskirted footings with the same
properties was conducted. From the accomplished laboratory tests it was found that the skirts chan-
ged the failure mode of circular shallow footings from sliding mechanism into rotational mecha-
nism. Also the skirts attached to footings increased appreciably the ultimate horizontal capacity
of shallow footings.
ª 2010 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V.
All rights reserved.om
ering, Alexandria University.
. All rights reserved.
lty of Engineering, Alexandria
lsevier1. Introduction
When designing offshore foundations it is necessary to calcu-
late their capacity under combined total vertical load, mo-
ment, and horizontal load. Bransby and Randolph [8]
mentioned that little work has been done to study the effect
of the shape of skirted foundations under the combined
loads. They proved – using ﬁnite element and plasticity anal-
ysis – that vertical and horizontal capacities are affected by
the footing shape and the soil strength proﬁle. Doherty
et al. [6] presented some solutions for stiffness coefﬁcients
to represent the behavior of skirted foundation subjected to
environmental loads and embedded in soil; the coefﬁcients
took into account the geometry of foundation, and the
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Figure 1 Complete set-up of testing procedures.
380 A.Z. El Wakilcontribution of the stiffness of the skirt. Yun and Bransby [5]
made a comparative study between load–displacement re-
sponse from centrifuge test data and ﬁnite element results
of skirted circular footings of different skirt roughness and
skirt depth up to ﬁve times the footing diameter. Their study
appears to offer a powerful approach, combining good accu-
racy with moderate computational requirements. Yun and
Bransby [5] conducted a series of centrifuge model tests on
a skirted footing subjected to vertical load, moment, and hor-
izontal load; they proved that the skirted foundation in-
creased the horizontal capacity to about 3–4 times that of
the unskirted foundation. They suggested that the failure
mode changed to rotational mode instead of sliding mecha-
nism. Yun and Bransby [5] studied this case using centrifuge
modeling and compared the test results with existing raft
foundation without skirts to see how much skirts increase
the bearing capacity. They proved that the skirts increase
the horizontal bearing capacity up to 3–4 times. Watson
and Randolph [10] mentioned that skirted foundations are
being used as an alternative to deep foundations in soils with
low strength at the surface. Tani and Craig [7] suggested that
the soil above the level of the skirt tips has a little effect on
the foundation response especially for the case of strip foot-
ings. Hu et al. [12] studied the bearing capacity response of
skirted foundation on nonhomogeneous soils; they concluded
that the effect of the top soil layer disappears once the
embedment of the footing is greater than two times the diam-
eter, as the failure mode changes to conﬁned plasticity rather
than a plastic mechanism reaching the soil surface.Table 1 Testing program and results.
Test
number (1)
Footing
diameter, mm (2)
Sand relative
density, % (3)
L/D (4) Hu, kN (5)
1 100 35 0.0 0.015
2 100 35 0.5 0.02
3 100 35 1.0 0.04
4 100 35 1.5 0.1
5 100 65 0.0 0.0175
6 100 65 0.50 0.025
7 100 65 1.0 0.045
8 100 65 1.5 0.13
9 100 90 0.0 0.02
10 100 90 0.50 0.04
11 100 90 1.0 0.06
12 100 90 1.50 0.152. Testing equipment
To study the behavior of horizontally loaded skirted founda-
tions on sand, laboratory tests were conducted on a steel circu-
lar model footing of diameter (D) equal to 100 mm and of
thickness 20 mm. The skirt length (L) to the footing diameter
ratios L/D were 0.5, 1, and 1.5. The skirts have a thickness of
1.5, 2.5, and 3.5 mm for L/D equal to 0.5, 1.0, and 1.5, respec-
tively, without notch at their tips. Skirts are made from steel
and welded ﬁrmly and accurately to footings. The lengths of
skirts are measured after welding to the footings. Twelve lab-
oratory experiments are conducted on the circular footings
to study the behavior of the skirted foundations under the ef-
fect of horizontal loads. The model footings have smooth
faces. Two-dial gauges of accuracy 0.01 mm are used to mea-
sure the horizontal displacement of the footing. Another two
dial gauges of accuracy 0.01 mm are ﬁxed on the footing upper
surface to measure the rotation and the average vertical dis-
placements of the footing. The lateral loads are applied on
the footing using frictionless pulley, ﬁxed to the soil bin, and
a rope connected to the footing at one end and to a hanger
at the other end. Standard weights are used for loading. The
general layout of the equipment used in the present study is
illustrated in Fig. 1. The vertical displacement of the footing
was considered as the average of the two dial gauges readings;
rotations are calculated as the difference between the two ver-
tical dial gauges reading divided by the distance between the
two dial gauges measured to an accuracy of 0.5 mm. The soil
bin has side dimensions of 525 mm and wall thickness of
20 mm. The height of the soil bin is 525 mm. The sides of
the soil bin were strengthened using steel angles to preventany lateral deformation of the side walls. It is obvious that
the dimensions of the soil bin are big enough to overcome
the effects of the boundary conditions on the footings re-
sponse, whereas the side dimension of soil bin to the footing
diameter is 5.25 times, and the depth below the tallest skirt
is 3.5 times the footing diameter.
3. Experimental procedure
The sand was formed in the soil bin in layers each of 150 mm
thickness. To ensure homogeneity of sand formation a calcu-
lated weight of sand, with an accuracy of 0.001 kN, was formed
into a certain volume of the soil bin by compaction to give the
speciﬁed relative densities of 35%, 65%, and 90% according
to a planned testing program shown in Table 1. Compaction
was carried out manually using a rammer weighing 40.0 N
and of 200 mm diameter. The top surface of the formed sand
was leveled using sharpened straight steel plate and the model
footing was then placed on the surface of the compacted sand.
The footing was dismantled precisely vertical with accurately
horizontal top surface, then pushed down into the formed sand
by a constant rate driving machine. Two open holes are drilled
at the top surface of the skirted footing to observe the top sur-
face of sand inside the skirt. The process was carried accurately
to avoid over or under installation of the footing. This was con-
ﬁrmed by assessing the rate of the driving machine, the depth re-
quired to drive, and the time required for the driving process.
After driving the footing it was left for 24 h. The footing with
Horizontal capacity of skirted circular shallow footings on sand 381the skirt was plugged completely with sand. The load was ap-
plied incrementally. Each increment was kept constant till no
signiﬁcant change occurs in settlement, that is to say the differ-
ence between two successive readings is less than 0.01 mm per
5 min for three consecutive readings. The load was applied hor-
izontally at 10 mm above the formed sand surface. The horizon-
tal and the vertical displacements of the footing were measured
within an accuracy of 0.01 mm using four dial gauges. The sand
used was medium size sand of minimum dry unit weight
15.6 kN/m3, maximum dry unit weight of 18.2 kN/m3, unifor-
mity coefﬁcient of 2.95, effective diameter 0.19 mm, and speciﬁc
gravity 2.6. Reference tests were carried out on the same soilH
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Figure 2c Average verticalalignment at the same manner on footing with L/D= 0.0 to ex-
plore the effect of skirt on the horizontal capacity of the footing.
The designed testing program is not by any way costly, and
simple, but the scale effects may impair the test results. The scale
effect phenomenon of small size plate loading test was explored
byDe Beer [3], Tatsuoka et al. [4], Kusakabe [9], and Cerato and
Lutengger [1]. Tatsuoka et al. [4] reported that two factors may
affect the response of a footing; these two factors are the mean
stress level beneath the footing and the ratio of sand particle size
to footing width. Kusakabe [9] stated that the particle size ef-
fects become insigniﬁcant on the obtained results when B/
D50% becomes greater than 50–100. In our study, D50% isd kN
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Figure 3a Horizontal displacement versus load, Dr = 65%.
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Figure 3b Rotation versus load, Dr = 65%.
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Figure 3c Average vertical displacement versus load, Dr = 65%.
382 A.Z. El Wakil0.47 mm thereforeB/D50% is greater than 100. Consequently the
effect of particle size of sand on the test results is avoided. The
effect of mean stress beneath the footing is difﬁcult to be
avoided unless a modiﬁcation of the bearing capacity factors
is carried out [11].4. Test results and discussion
A testing program was designed to explore the effects of ran-
dom variables on the response of skirted footings when sub-
jected to lateral loads. These variables are the skirt length to
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Figure 4a Horizontal displacement versus load, Dr = 90%.
Load, kN 
0
0.5
1
1.5
2
2.5
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.1
L/D=0
L/D=0.5
L/D=1
L/D=1.5R
ot
at
io
n 
de
gr
ee
 
6 
Figure 4b Rotation versus load, Dr = 90%.
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Figure 4c Average vertical displacement versus load, Dr = 90%.
Table 2 Values of m of different relative densities.
Relative density, Dr, % Values of m
35 1.5
65 2
90 2.1
Horizontal capacity of skirted circular shallow footings on sand 383the footing diameter ratio (L/D), and the relative density of
sand. Fig. 2a illustrates the horizontal displacement of the
footing model versus the applied load. The relationship may
be divided into three stages. The ﬁrst stage shows linear rela-
tionship between the applied load and the horizontal displace-
ment, followed by a nonlinear relationship extending up to
failure. The failure load was considered as the load at the
end of the second stage. The third stage represents the case
where unlimited excessive displacement of the footing occurred
without any increase in the applied load. The applied loads
were created on the footing using standard weights; care wastaken in consideration to use small weights when the load is
approaching the failure state. The rotation mode of the footing
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Figure 5 Horizontal capacity ratio HBCR versus eL/D.
384 A.Z. El Wakilhas the same trend as the horizontal displacement mode
(Fig. 2b). The average vertical displacement of the footing ver-
sus the applied horizontal load shows downward, negative, dis-
placement. The shapes of load–displacement and load–
rotation relationships are independent of the relative density
of sand (Figs. 3 and 4). The load–displacement relationships
indicated that the sand responds elastically in the ﬁrst stage
of loading, followed by conﬁned plastic response, and ﬁnally
by impending plastic deformation at failure state.
Figs. 2–4 indicate that unskirted footings exhibit vertical dis-
placement and rotation when subjected to horizontal load as
well as horizontal displacement. This may be due to the applied
lateral force which is acting off the footing–soil interface, and
hence moment may be induced on the footing. The measured
rotation may conﬁrm this stipulation. Also, the distribution
of friction stresses at footing–soil interface is not uniformly dis-
tributed at footing–soil interface across the width of the footing
in a way that the contact stress at front side of the footing is big-
ger than that at the rear side; as a result of that footing may ro-
tate and exhibit vertical displacement. At early stage of loading,
Figs. 2–4 indicate that the lateral displacement, at the end of the
ﬁrst stage of loading, elastic stage, is 2% of footing width, the
rotation in degrees within 0.2% of footing diameter and the ver-
tical displacement within 0.1% of the footing diameter. In this
stage of loading the lateral movement of the footing is develop-
ing static friction of footing–soil interface. As the footing dis-
placement increases the friction increases up to the threshold
of failure. At this stage, the friction becomes dynamic friction,
and the footing runs towards the failure, with excessive lateral
displacement, excessive rotation and excessive vertical displace-
ment. Skirted footing response to lateral loads in a different
way from unskirted footing. The horizontal displacement of
the footing at threshold failure is between 6% and 8% of the
footing diameter, while the rotation is between 1% and 2.5%
of the footing width, and the vertical displacement is between
0.4% and 1%. As the skirted footing moves laterally and ro-
tates about the tip of the skirt as a rigid body, as a consequence
of that, passive earth pressure resistance developed at down-
side of the footing and active state of earth pressure at the up-
side of the footing. At failure, the earth pressure values reached
to a state of plastic equilibrium. Figs. 2–4 indicate that the abil-
ity of skirted footing of resisting lateral load increased as the
length of skirt to footing diameter ratio (L/D) increases, andas the relative density of the same increased. The value of hor-
izontal and vertical displacement and rotation at the end of the
elastic stage of load–displacement/rotation relationship is more
or less similar to the case of unskirted footing. The same behav-
ior is observed at the threshold failure stage. Figs. 2–4 indicate
that as the skirt length–diameter ratio increased the band width
of load in the ﬁrst and second stages of loading increased. This
can be attributed to the increase in the average conﬁned stress
and consequently the plastic ﬂow of soil in the front side of
skirted footing becomes conﬁned.
The horizontal bearing capacity ratio (HBCR) is deﬁned as
the horizontal bearing capacity of skirted footing to the hori-
zontal bearing capacity of unskirted footing. HBCR was
drawn against eL/D (Fig. 5). The ﬁgure demonstrates that
HBCR is inappreciably affected by the relative density of sand,
although HBCR increased inappreciably as Dr increased. The
horizontal bearing capacity ratio HBCR can be expressed as:
HBCR ¼ meL=D ð1Þ
where m is a parameter depending upon the relative density of
sand (Table 2).
The horizontal bearing capacity ratio attains an average va-
lue of 6.5 as L/D increases to 1.5.5. Conclusions
The following conclusions are set from the course of work.
(1) The horizontal displacement-load relationship for
skirted and unskirted footings circular is linear up to
horizontal displacement and equals to 2% of the footing
diameter.
(2) The horizontal displacement of skirted and unskirted
footings at failure threshold is some value between 6%
and 8% of the footing diameter.
(3) As the length of skirt to footing diameter ratio increased
up to 1.5, the ability of skirted footings of resisting lat-
eral load increased. The same is for the relative density.
(4) The horizontal bearing capacity ratio increases linearly
as eL=D increases attaining a value of 5.5 and 7.5 for rel-
ative densities 35% and 90%, respectively, for L/D equal
to 1.5.
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